Abstract. Regulator of G-protein signaling (RGS) proteins were originally identified as negative regulators of G-protein-coupled receptor (GPCR) signaling via their GTPase-accelerating protein (GAP) activity. All RGS proteins contain evolutionarily conserved RGS domain; however, they differ in their size and regulatory domains. RGS1 and RGS10 are smaller than other RGS proteins, and their functions involve various inflammatory responses including autoimmune responses in both the periphery and the central nervous system (CNS). Neuroinflammation is the chronic inflammatory response in the CNS. Acute inflammatory response in the CNS is believed to be beneficial by involving the neuroprotective actions of immune cells in the brain, particularly microglia, to limit tissue damage and to aid in neuronal repair. However, chronically elevated levels of cytokines serve to maintain activation of abundant numbers of immune cells potentiating prolonged inflammatory responses and creating an environment of oxidative stress, which further hastens oxidative damage of neurons. In this review, we describe the implications and features of RGS proteins (specifically RGS1 and RGS10) in neuroinflammation and neurodegenerative diseases. We will discuss the experimental and epidemiological evidence on the benefits of anti-inflammatory interventions by targeting RGS1 and/or RGS10 protein function or expression in order to delay or attenuate the progression of neurodegeneration, particularly in multiple sclerosis (MS) and Parkinson's disease (PD).
INTRODUCTION
G-protein-coupled receptors (GPCRs) signal through heterotrimeric G-proteins that consist of an α subunit and a βγ heterodimer (1) . Regulator of G-protein signaling (RGS) proteins play a role in turning off GPCR signaling. All of the RGS proteins contain a conserved RGS domain that interacts with a Gαi, Gαq/11, or Gα12/13 subunit with variable selectivity, which accelerates the GTPase-activating activity of the Gα subunit (2) (3) (4) . Since the mid-1990s, more than 30 functional RGS genes have been identified and subdivided into eight subfamilies that are expressed in eukaryotic organisms, from fungi to animals such as mice and humans (3, 5, 6) . RGS proteins differ widely in their size and contain a variety of structural domains in addition to the RGS domain and motifs that regulate their activity and determine regulatory binding partners (3, 5 ; also reviewed in 6-9). Early evidence suggested that RGS proteins acted primarily as negative regulators of G-protein signaling. Today, it is well documented that these proteins act as tightly regulated modulators and multifunctional interactors of G-protein signaling (reviewed in 8). In addition, it has been recently appreciated that the non-RGS regions of RGS proteins can provide non-canonical functions distinct from the inactivation of Gα subunits or even from G-protein signaling entirely (reviewed in 9, 10).
RGS proteins are highly conserved from yeast to mammals and are abundant in the retina, brain, heart, and immune organs (11; see review in 12). Tissue-specific patterns of RGS protein expression in the human peripheral tissues and brain were reported by Larminie and his group (13) . They showed that the major RGS10 proteins in human lymphocytes are RGS1, RGS2, RGS10, RGS13, RGS14, RGS16, and RGS18 (13) . The RGS proteins may acquire functional diversity in immune cells by a fine-tuned and dynamic regulation of the expression of multiple RGS proteins.
RGS protein profiling in human lymphocytes displays a similar expression profile to rodent lymphocytes except for RGS18 (14) , suggesting that observations in rodent lymphocytes may be translated into what would be occurring in human lymphocytes. In this review, we will discuss how RGS proteins, and more precisely RGS1 and RGS10, play important roles in inflammatory and neurodegenerative diseases and act as therapeutic potentials mainly in Parkinson's disease (PD) and multiple sclerosis (MS).
RGS PROTEIN FAMILY AND MS
MS is a chronic inflammatory disease of the central nervous system (CNS) associated with demyelination that is thought to have an underlying autoimmune etiology. Currently in the USA, around 250,000-300,000 people have been diagnosed with MS and there are 200 new cases diagnosed every week. Although there are varieties of immune-based therapeutic drugs available for the treatment of MS, it is difficult for clinicians to predict which drugs would work best for an individual patient due to a lack of mechanistic information of the disease (15) . Also, major MS drugs target broad ranges of immune cells, which significantly affect leukocyte trafficking and function. Therefore, it is important to identify biomarkers and/or cellular regulators specifically modulating function of autoimmune-reactive leukocytes.
Although the etiology of MS has not been identified, increasing evidence indicates that disease onset involves the combined influence of environmental factors and genetic susceptibility (16) . GPCR signaling plays an important role in various aspects of MS pathogenesis including : antigen presentation, cytokine/chemokine production, and T-cell differentiation, proliferation, and invasion (see review in (17)). RGS family proteins that are important modulators of GPCR signaling pathways are recently implicated in the development of MS and other autoimmune diseases. Multiple points of genetic evidences have shown the following: (1) single nucleotide polymorphisms (SNPs) of RGS1, RGS7, RGS9, and RGS14 are reported to be of high correlation with the diagnosis of MS, Crohn's disease, and ulcerative colitis (18) (19) (20) (21) (22) , and (2) the messenger RNA (mRNA) level of RGS10 and RGS1 is higher in peripheral blood mononuclear cells (PBMCs) from patients with MS according to the Gene Expression Omnibus (GEO) profile database (23, 24) . However, the role of RGS proteins in the context of the onset or progression of autoimmune diseases is yet to be explored.
RGS1 AND MS
RGS1 is a novel MS susceptibility locus as recently identified by the International Multiple Sclerosis Genetics Consortium (IMSGC) (18) . A search of the GEO profile database (25) revealed that levels of RGS1 gene expression are higher in MS patients ( Fig. 1 ) and are induced in response to interferon (IFN)-γ therapy in early treatment on day 1 (NCBI GEO database, accession number GDS2419). Tran et al. reported that IFN-γ induced RGS1 mRNA and protein expression in PBMC from human MS patients as early as 4 h after treatment (26) . However, the role of RGS1 in the onset or progression of MS has never been explored.
RGS1 is expressed in lymphocytes, dendritic cells, monocytes (27) , and microglia (28) . In B lymphocytes, RGS1 impairs Gαi signaling responses (29) and its silencing enhances responsiveness to chemokines such as chemokine (C-X-C motif) ligand (CXCL)12 and CXCL13 and impairs desensitization (30) . RGS1 overexpression inhibits T cell migration in response to chemokines that control lymphoid homing, while depletion of RGS1 selectively enhances such chemotaxis. These chemokines include chemokine (C-C motif) ligand 19 (CCL19) and CXCL12 in gut T cells (31) . CCL19 is mediated by chemokine (C-C motif) receptor 7 (CCR7), and CXCL12 is mediated by chemokine (C-X-C motif) receptor 4 (CXCR4) (31) which both promote T cell egress from tissues to lymph nodes. The high level of RGS1 in human T cells in the gut especially in inflammatory bowel disease (IBD) suggests that RGS1 may contribute to the colitogenic potential of T cells via limiting gut T cell response to chemokines (31) .
It has been shown that chemokine receptor signaling plays an important role in disease progression in mouse experimental autoimmune encephalitis (EAE), the most commonly used murine model of MS. The key chemokines that are overproduced at the site of active MS lesions are CXCL10, CCL3, CCL4, CCL2, CCL8, and CCL5 (32) all of which are important for lymphocyte recruitment to the CNS. It will be particularly interesting to explore the role of the microglial response to chemokines that become elevated in PBMCs were isolated from the whole blood from 12 MS patients and 15 controls, and total RNA was extracted (22) . . GC-RMA refers Guanine Cytosine Robust Multi-Array Analysis. *p<0.05, Student's t test.
Control
MS. Microglia are the myeloid-derived brain-resident macrophages of the CNS that are responsible for immune surveillance and have been proposed to have regulatory and effector functions in disease progression during MS (33) . Microglia activation has been shown to correlate with demyelination and occurs in early pre-demyelinating lesions (34) (35) (36) . Ablation of microglia suppresses onset and severity of EAE (37) (38) (39) . However, it has been difficult to determine the role of microglia in the onset and progression of MS in part because they are also likely to play a beneficial role in the termination of the inflammatory response (40) . Microglia express various chemokine receptors including those present in active human MS lesions such as CCR1, CCR2, CCR3, CCR5, and CCR8 (41) . Chemokines regulate leukocyte trafficking during inflammatory responses. In addition to their role in immune cell trafficking, chemokines are known to have other functional roles including induction of phagocytosis, modulation of cell adhesion, cytokine activation, cell activation, and apoptosis (42) . It has been shown that chemokine receptor signaling plays an important role in mouse EAE progression. For example, it has been shown that blockade or genetic deletion of CCR2 (which is involved in monocyte and T cell trafficking) prevents severe disease and can lead to faster remission in the mouse EAE model (43) . Many of the RGS proteins have been shown to desensitize (limit the signal of) a variety of chemotactic receptors that are G-protein-coupled receptors. Given that RGS1 is the most abundant RGS protein in microglia, it may also play a role in microglia chemotaxis which is yet to be addressed.
RGS10 AND MS
RGS10 is a 20-kDa protein that selectively accelerates the GTPase activity of Gαi3, Gαq, and Gαz (44) . RGS10 belongs to the R12 subfamily and is highly expressed in the brain, thymus, and lymph nodes (3, (44) (45) (46) . Burgon et al. demonstrated that RGS10 can be phosphorylated at Ser168 by the cAMP-dependent protein kinase A (PKA), which is required for its nuclear translocation (47) , implicating a noncanonical role of RGS10. RGS10 is also one of the most highly expressed RGS proteins in mouse lymphocytes (14) . Garcia-Bernal et al. reported that RGS10 modulates CXCL12-induced T cell adhesion through integrin α4β1 (48). They showed that RGS10 could function as an inhibitor of CXCL12-induced T cell adhesion, which is mediated by α4β1 and αLβ2 (48) . Integrin α4 is known as a critical molecule for the homing of lymphocytes to the CNS (49). Currently, a humanized antibody that blocks integrin α4, natalizumab, has been approved for treatment of MS (50) . These suggest a potential role of RGS10 in lymphocyte adhesion and/or migration. Interestingly, the mRNA level of RGS10 is higher in PBMC from patients with MS (NCBI GEO database, accession number GDS2419) (23), Crohn's disease, and ulcerative colitis (NCBI GEO database, accession number GDS1615) (24) .
The pathogenesis of MS is far more complicated than it had been predicted from early studies of the EAE model system. However, it is now well documented from studies of human MS patients as well as animal models that autoimmune T cells mediate the initial stages of MS lesions similar to the EAE model (51) (52) (53) . From our arrays of experiments, we showed that RGS10-null mice immunized with myelin oligodendrocyte glycoprotein peptide fragment 35-55 (MOG ) displayed significantly milder clinical EAE in the acute phase and remained mild all throughout the progressive phases of the disease (54) . Moreover, they displayed significantly fewer incidences of EAE with a delayed onset and a lower mean maximum score (54) . These data suggest the role for RGS10 in augmenting instead of attenuating autoimmune response through autoreactive Th1 response. In-depth investigations are needed to establish how RGS10 mediates lymphocyte effector function to augment autoimmune responses. If RGS10 plays a role in specific subsets of autoreactive lymphocytes during EAE, this may enable the targeting of RGS10 in disease-modifying strategies.
RGS10 IN NEUROINFLAMMATION AND PARKINSON'S DISEASE
In brain-resident microglia, RGS10 has been shown to play a critical role in inflammatory microglial activation via negative regulation of NF-kB signaling. In dopaminergic neuroblastoma cells, RGS10 modulates sensitivity to inflammation-induced cell survival by interaction with the PKA/CREB pathway (55) (56) (57) . Chronic peripheral administration of lipopolysaccharide (LPS) in RGS10-null mice results in chronic microgliosis and loss of dopaminergic (DA) neurons (57) . RGS10-null mice displayed increased microglial burden in the CNS and dysregulated inflammation-related gene expression in microglia as well as nigral DA neuron degeneration with repeated systemic administration of low-dose LPS injection. Moreover, RGS10-null microglia produced significantly higher levels of proinflammatory cytokines including TNF, IL-1β, and IL-6 than wild-type (WT) microglia upon LPS treatment. Another study showed that RGS10-null mice exhibited impaired osteoclast differentiation due to the absence of RGS10-dependent calcium current oscillations and the loss of nuclear factor of activated T cell c1 (NFATc1) expression (58) . This suggests that RGS10 may regulate intracellular calcium oscillations in microglia. The primary function of RGS proteins is believed to be the regulation of heterotrimeric G-protein signaling at the plasma membrane. However, our findings as well as those of others (47, 59, 60) reveal that RGS proteins translocate to the nucleus and are found at high abundance at other intracellular sites. Given that the cellular distribution of RGS10 is both nuclear and cytoplasmic (59) , it would be interesting to study the possible function of RGS10 in regulating microglial stress responses through mechanisms that include changes in gene transcription and cellular calcium regulation in addition to its GTPase-accelerating protein (GAP) activity at the plasma membrane. A better understanding of the normal function of RGS10 in the CNS along with proof-of-concept studies to demonstrate that manipulation of RGS10 levels and/or its activity in the ventral midbrain has positive effects on DA neuron survival without exerting unwanted effects on other cell types may reveal its potential as a therapeutic target for blocking or delaying the progressive loss of nigrostriatal DA neurons in PD.
In conclusion, it is possible that an increase in the RGS activity, especially RGS10, would be beneficial in PDassociated neuroinflammation but detrimental in the treatment of MS. However, identifying novel modulators and their mechanism will open up the possibility for the development of new mechanism-based therapeutic interventions for the treatment of neurodegenerative diseases.
